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Effects of electron many-body interactions amplify in an electronic system with a narrow band-
width opening a way to exotic physics. A narrow band in a two-dimensional (2D) honeycomb lattice
is particularly intriguing as combined with Dirac bands and topological properties but the material
realization of a strongly interacting honeycomb lattice described by the Kane-Mele-Hubbard model
has not been identified. Here we report a novel approach to realize a 2D honeycomb-lattice narrow-
band system with strongly interacting 5d electrons. We engineer a well-known triangular lattice 2D
Mott insulator 1T -TaS2 into a honeycomb lattice utilizing an adsorbate superstructure. Potassium
(K) adatoms at an optimum coverage deplete one-third of the unpaired d electrons and the re-
maining electrons form a honeycomb lattice with a very small hopping. Ab initio calculations show
extremely narrow Z2 topological bands mimicking the Kane-Mele model. Electron spectroscopy
detects an order of magnitude bigger charge gap confirming the substantial electron correlation as
confirmed by dynamical mean field theory. It could be the first artificial Mott insulator with a finite
spin Chern number.
Introduction—An electronic system with an extremely
narrow bandwidth has recently attracted huge renewed
interests, as it offers a playground to discover exotic
quantum phases due to much stronger electron interac-
tion relative to its kinetic energy [1, 2]. A narrow band
in a two-dimensional (2D) honeycomb lattice is particu-
larly intriguing, as it hosts Dirac electrons with a linear
low-energy dispersion as in graphene [3, 4], and when the
spin-orbit coupling is introduced, a gap opens at Dirac
points, leading to a quantum spin Hall state [5]. A suf-
ficiently strong on-site Coulomb repulsion (U ) can in-
duce a Mott insulator phase, as described by the Kane-
Mele-Hubbard model [6], and various exotic phases have
been proposed to emerge such as topologically non-trivial
states [7, 8], quantum spin liquids [9], charge density
waves [7], and superconductivity [10] at or near the half
filling, and magnetic Chern insulator at a quarter fill-
ing [11]. However, the realization of a 2D honeycomb
lattice with strong electron correlation has been chal-
lenging since Dirac electrons usually have high kinetic
energy. A breakthrough in this challenge was recently
achieved by making the Dirac band very flat by twist-
ing two graphene sheets by a magic angle [12, 13]. In
this system, a correlated insulator and superconductiv-
ity [12, 13] and more recently a ferromagnetic insula-
tor with a finite Hall conductivity were reported [14–18].
Despite the rapid progress of the research on twisted-
bilayer-graphene with very small Coulomb energy, the
material realization of a Kane-Mele-Hubbard system has
been elusive.
In this letter, we report a unique approach to real-
ize a 2D honeycomb-lattice narrow-band system with a
strongly-interacting 5d transition metal. We start from a
triangular lattice with a substantial Coulomb interaction
and device a way to manipulate the electron hopping into
the honeycomb symmetry. The system is based on a well-
known 2D Mott insulator 1T -TaS2 and akali metal ad-
sorbates are utilized as the lattice modifier. 1T -polytype
TaS2 undergoes a series of spontaneous transitions into
various charge-density-wave (CDW) phases [19]. The
common unit cell of the CDW phases, known as a David-
star cluster, is composed of 13 distorted Ta atoms in a√
13×√13 triangular superlattice (Fig. 1(a)). Each clus-
ter contains 13 Ta 5d electrons, twelve of which pair to
form insulating CDW bands and to leave one unpaired
electron in a half-filled metallic band. The latter is very
flat since the hopping to neighboring David stars is lim-
ited by a large distance of ∼ 1.2 nm between them. As
a result, a moderate electron correlation U introduces a
Mott gap of about 0.2-0.4 eV at low temperature [20–34].
The superconductivity emerging from this insulting state
by pressure [35] or chemical doping [36–38] was reported
and a quantum spin liquid phase was suggested recently
[39–41].
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FIG. 1. Honeycomb-lattice correlated phase arising from K adsorption on 1T -TaS2. (a) Atomic structure of K-adsorbed
1T -TaS2. Blue stars indicate CDW superstructures (David stars) and a green rhombus is a unit cell of K-adsorbed 1T -TaS2.
(b) A schematic for the honeycomb-lattice correlated phase. Every circle indicates each David star. K-adsorption sites (fully
filled states) and bare David stars (half-filled states) are illustrated with gray and yellow color, respectively. Note that a half
of (a) is overlaid with the schematic of (b). (c) 3D illustration of the STM topography of K-adsorbed 1T -TaS2 (height map)
with the local density of the upper Hubbard states (UHS, color map).
As shown in Fig. 1(b), one can convert a triangular
lattice into a honeycomb by eliminating 1/3 of the lat-
tice sites periodically. Fig. 1(c) shows a scanning tunnel-
ing microscopy (STM) topograph combined with a map
of local density of states (LDOS, represented by color)
for a 1T -TaS2 surface with potassium (K) adatoms of
an optimal coverage. At this coverage, K atoms (highly
protruded in topograph and blue in the LDOS map) sit
selectively at the center of a David-star cluster and form a
(
√
3×√3)R30◦ superstructure with respect to the CDW
lattice (green rhombuses in Fig. 1(b)). K atoms indeed
deplete the unpaired d electron states within a David-
star cluster on which it sits as shown in the LDOS map
(Fig. 1(c)). The remaining unpaired electrons in neigh-
boring clusters are little affected by K adatoms and form
a honeycomb lattice as illustrated in Figs. 1(b) and 1(c).
The Dirac electrons with extremely narrow dispersions
and the correlation gap in this system will robustly be
justified below.
Methods—1T -TaS2 single crystal was cleaved in high
vaccum to obtain clean surfaces and the K deposition was
conducted in ultra high vacuum (1 × 10−10 torr) and at
room temperature. STM measuremets were performed
at 4.4 K in the constant-current mode with a sample
bias of -600 meV. A lock-in technique was used in scan-
ning tunneling spectroscopy with a modulation of 1 kHz.
The single-particle band structures and their topologi-
cal properties were investigated within the framework of
the density functional theory (DFT) and tight binding
calculations [42] and the electron correlation was consid-
ered in the dynamical mean field theory (DMFT) calcu-
lation [42].
Honeycomb lattice in K-adsorbed 1T-TaS2—The STM
image in Fig. 2(a) resolves David-star clusters as
medium-contrast protrusions, which is consistent with
the previous studies [30, 43]. The exceptional features,
the prominently bright protrusions, are David-star clus-
ters with one K adatom in each cluster. At the optimized
coverage, one third of the CDW unit cells are rather reg-
ularly occupied by K atoms. The
√
3×√3 superstructure
of adatoms with respect to the CDW unit cell (the unit
cell of the green rhombus in Fig. 2(a)) can be confirmed
by the Fourier-transformed STM image of a wide area in
Fig. 2(g) (see SFig. 1 in the Supplemental Material [42]).
This will be made clear below.
One can notice that David-star clusters with or with-
out K adatoms have totally different electronic states in
the scanning tunneling spectra (the normalized dI/dV
curves) as shown in Fig. 2(h). Though both spectra show
the charge gap, one can clearly see the prominent peaks
at - 90 and 150 mV on a bare David-star cluster (red
data), which are absent in the clusters with K adatoms
(green data). Note that the gaps on two different sites
have totally different origin. A bare David star has odd
number of electrons and its energy gap must originate
from a correlated insulating phase as detailed below. The
spectral features on a bare David-star cluster are con-
sistent with those of the pristine 1T -TaS2, which is es-
tablished as an Mott insulator (see SFig. 2 in the Sup-
plemental Material [42]). On the other hand, a David
star with a K adsorbate has even number of electrons
due to the electron donation from K, leading to a simple
one-electron gap. The local suppression of the presumed
upper and lower Hubbard states (UHS and LHS) by K
adatoms is well visualized in the corresponding LDOS
maps, or normalized dI/dV maps, of Figs. 2(d) and 2(e),
respectively. These LDOS maps further tell us that the
correlated states seem to survive in a honeycomb hopping
lattice. Note also that the LDOS maps corresponding to
CDW bands (Figs. 2(b) and 2(f)) are the same as those in
the adsorbate-free area or a pristine sample (see SFig. 2
in the Supplemental Material [42]), telling us that the
backbone CDW structure is intact even after the K ad-
sorption.
By passing, we comment further on the adsorption be-
havior of K atoms. First of all, K atoms are not inter-
calated but adsorbed on top of the surface S layer as
confirmed by the layer spacing (597 pm) (Figs. 2(i) and
3(j)
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FIG. 2. Local electronic states of K-adsorbed 1T -TaS2. (a) STM topographic image of the K-adsorbed 1T -TaS2 surface.
(b)-(f) Corresponding normalized dI/dV images for V = - 450, - 240, - 90, and 150, and 400 mV (see vertical bars in (h)). Note
that the features at - 90 and 150 mV correspond to correlated Dirac states. (g) A wide-area STM image of 1T -TaS2 and its
Fourier transform in the inset. 1× 1 and √3×√3 stand for the structures with respect to the CDW unit cell. (h) Normalized
(dI/dV ) spectra at fixed positions. Green and red plots are obtained on the K-adsorption site (green rhombus) and the bare
David star (red hexagon), respectively. (i) STM image at a step edge in 1T -TaS2 after K deposition. (j) Height (Z) profile
along the red dashed line in (i).
2(j)) [44]. DFT calculates the adsorption energy of a K
atom on various possible sites within a CDW unit cell
(see Supplementary Note 3, STable I, and SFig. 3 in the
Supplemental Material [42]) and finds the center of the
David star to be the most energetically favorable. The
4s valence electron of a K adatom is almost completely
transferred to the substrate to make the adatom ionic
(Fig. 3(a)). It is highly localized on a single David-star
cluster, leaving neighboring clusters intact and forming
a local dipole. The dipole-dipole interaction explains the
repulsion between adatoms to form the ordered super-
structure with a domain size upto 30×50 nm2 (Fig. 2(g)).
Given the short-range repulsion, K atoms adsorb rather
randomly avoiding the nearest-neighbor David stars be-
low the optimum coverage (see SFig. 4 in the Supplemen-
tal Material [42] for more details of the growth behavior).
These calculations agree well with the STM and STS ob-
servations.
Electronic structures and topology—The DFT calcula-
tion for 1T -TaS2 with K adatoms in a (
√
3×√3)R30◦ su-
perstructure predicts two extremely narrow bands at the
Fermi energy within the CDW gap as shown in Fig. 3(b).
While the two bands are expected from effectively two or-
phan electrons in a honeycomb supercell with two David-
star clusters, the narrow bandwidth with almost linear
crossing shown in Figs. 3(c) and 3(d) is notable. The
small bandwidth of ∼ 20 meV is due to the dz2 orbital
character of those orphan electrons and the huge size
of the supercell (see SFig. 5 in the Supplemental Mate-
rial [42]). The direct hopping integrals between d orbitals
in the honeycomb plane are significantly reduced, and
the hopping paths are mainly achieved via p orbitals of
S atoms. Given that the inversion symmetry is broken,
a finite spin-orbit coupling (SOC) including the Rashba
effect splits these bands into four with a tiny gap of
∼ 0.5 meV at K point. Due to time-reversal symmetry,
the bands are degenerate at the time-reversal-invariant-
momentum points of Γ and M. In addition, a fully occu-
pied band below the Fermi level appears at adsorption
sites (marked with a green color in Fig. 3(b)) as orig-
inates from the Ta 5d level doped with K 4s electrons.
Its extremely narrow dispersion is due to the strong local-
ization of donated electrons (Fig. 3(a)). The spatial dis-
tributions of two distinct types of electrons are visualized
in Figs. 3(e) and 3(f), nicely matching the experimental
results (Figs. 2(c)-2(e)).
We investigate the topology of these flat bands by a
tight binding model. Indeed, the tight binding model
4FIG. 3. Electronic band structure of K-adsorbed 1T -TaS2. (a) Charge transfer from the K adsorbate. Red and blue colors
represent accumulation and depletion of electron, respectively. Note that electron transferred from K adatom is highly localized
at the adsorption site. (b) DFT band structure with a paramagnetic constraint. (c) and (d) Enlargement of the band structure
near the Fermi level with the tight binding (TB) fitting, and the maximally localized Wannier functions fitting, respectively.
(e) A spatial distribution of the metallic Dirac bands (marked with red in (b)), and (g) that of a fully occupied band at
∼ -0.2 eV (marked with green in (b)). (g) Evolution of Wannier charge centers by varying the pumping parameter k. The
evolution curves have an odd-number crossing with respect to an arbitrary horizontal line. (h) Band structure after considering
the electron correlation and the electronic density of states (DOS). The metallic Dirac bands at the Fermi level split with a
large charge gap. The extra gap like feature below each Dirac point is an artifact of the present single-site DMFT calculation.
obtained through the Wannier function [45], by project-
ing the Bloch states from the DFT calculation onto the
Ta dz2 orbital (see Note 4, SFigs. 5, and 6 in the Sup-
plemental Material [42]), becomes a characteristic Kane-
Mele type Hamiltonian.
H =
∑
i,j,s
tic
†
i,scj,s + iλR
∑
〈ij〉
c†i,s(~σ × dˆij)zs,s′cj,s′
+ iλsoc
∑
〈〈ij〉〉
c†i,sνijσ
z
s,s′cj,s′ ,
(1)
where c†i,s represents a creation of Wannier state at a clus-
ter i with spin s, and ~σ is a Pauli matrix for spin-1/2.
ni,s = c
†
i,sci,s. dˆij is the unit vector from site j to site
i introduced due to the broken inversion symmetry and
νij = ±1 depends on whether the electron hoping from
i to j makes a right (+1) or a left (-1) turn. 〈i, j〉 and
〈〈i, j〉〉 refer to first and second nearest neighbor (n.n.)
respectively, and hopping parameters ti up to 5th n.n.
are used to fit the band dispersion. λsoc and λR denote
strengths of spin-dependent and Rashba spin-flip SOC,
respectively. Tight binding parameters are listed in Ta-
ble I, which fit the DFT bands well (Fig. 3(c)). The
calculated Wannier charge center [46] indicates clearly
an odd number of crossing via the pumping parameter, a
hallmark of nontrivial topology of Z2=1 (Fig. 3(g)). The
nontrivial order can also be manifested by the presence
of helical edge states (see SFig. 7 in the Supplemental
Material [42]).
TABLE I. Parameters of the tight binding Hamiltonian of
K-adsorbed 1T -TaS2 at the optimal coverage.
Parameter Value (meV) Parameter Value (meV)
t1 −0.67 t2 −1.06
t3 −1.32 t4 0.26
t5 0.62 λR 0.07
λsoc 0.06
Electron correlation and honeycomb-lattice Mott insu-
lator—While the DFT results capture the narrow Ta 5d
bands, its tiny gap is inconsistent with the 200 meV
gap observed (see Fig. 2(g) and SFig. 8 in the Supple-
mental Material [42]). This suggests a crucial role of
electron-electron interactions. The electron correlation
is considered by performing DMFT calculation using the
above Wannier-function tight-binding parameters. As
shown in Fig. 3(h), this calculation yields the fully gaped
band structure even with a fairly small Coulomb inter-
action of 0.25 eV due to the very small hopping inte-
grals or the narrow bands. This unambiguously indi-
cates the strongly correlated, Mott insulating, nature of
the present system. The occupied and unoccupied bands
around -0.1 and 0.1 eV form the LHB and UHB, respec-
tively. The band gap and the narrow LHB band agree
5well with the above STS results and our angle-resolved
photoemission spectroscopy measurements (see SFig. 8 in
the Supplemental Material [42]). The topological charac-
ter of DFT metallic bands (Fig. 2(b)) is preserved here.
For example, the LHB and UHB are made of two bands
with opposite Chern numbers. When the system is half
filled as in the current system, it is a Mott insulator with
zero Chern number because two Chern numbers cancel
out. On the other hand, at 1/4 and 3/4 fillings, it be-
comes a quantum spin Hall insulator. This is apparently
a Kane-Mele-Hubbard system.
Another possible origin of the insulating phase in our
system is a magnetic ordering. Any magnetic orderings
in a honeycomb lattice drive the insulating phase due to
the time-reversal-symmetry breaking. We also consid-
ered various magnetic orderings through DFT and spin
model calculations but the transition temperature is ex-
tremely small (∼ O(mK)) [42]. Therefore, the experi-
mentally observed charge gap, persisting well above such
a low transition temperature (see SFig. 8 in the Supple-
mental Material [42]), is a strong evidence of the insu-
lating phase without any symmetry breaking, that is the
Mott insulator.
We note that the direct experimental confirmation of
the topological property itself is missing in the parent
work. Given that two propagating edge states have dif-
ferent Chern numbers, there is no edge states in half-
filled system. The verification of the topological char-
acter, thus, requires doping the system to either 1/4 or
3/4 filling, or removing one of edge states by applying
magnetic field to induce a finite Hall conductivity origi-
nated from the left-over edge state. The quantized Hall
conductivity and STS in a magnetic field in a single layer
of K-absorbed 1T -TaS2 would be excellent topics of fur-
ther works together with the tuning of the electron filling
to find various exotic phases predicted theoretically. A
very recent theoretical work suggested the realization of
a buckled honeycomb lattice in 1T -TaSe2 through a par-
ticular stacking of two layers [47]. This system, however,
is not expected to be within the Mott insulator regime
due to a substantially, two orders of magnitude, smaller
U/t value [47].
Conclusion—In this work, we create a honeycomb
lattice of half-filled d electrons on a 1T -TaS2 surface,
which is decorated with ordered K adsorbates. The STS
and ARPES data and theoretical considerations indicate
unambiguously that the finite-temperature insulating
phase of the present system is a honeycomb-lattice Mott
insulator described by a supercell Kane-Mele-Hubbard
model with a finite spin Chern number for lower and
upper Hubbard bands. The lattice manipulation by
adsorbate superstructures can widely be exploited
in various other 2D materials, in addition to moire
superstructures, in order to search and create an exotic
electronic system.
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